locations, chordomas and chondrosarcomas can be difficult to distinguish without pathological examination.
2,25,30
However, because their clinical behaviors, responses to treatment, and outcomes differ quite substantially, 2, 4, 17 it is therefore likely that the optimal treatment approaches for these tumors also differ.
Although resection is currently the gold standard treatment for both of these tumors, Gamma Knife surgery (GKS) has also been reported to play a role as an adjuvant treatment modality. GKS is used to treat remnant or recurrent chordoma and chondrosarcoma, and a number of studies have demonstrated acceptable tumor control with low complication rates. 4, 7, 12, 15, 16, 19, 20, 22 However, despite a strong possibility that treatment outcomes will differ, and considering the differences in biological behavior of these malignancies, little is currently known about the differences in the results of radiosurgical treatment.
In this study, we retrospectively investigated the clinical and radiosurgical results for patients who had undergone GKS for intracranial chordoma and chondrosarcoma, and we compared the outcomes among these patients. Being able to predict GKS-induced changes in tumor volume over time may help differentiate between intracranial chordoma and chondrosarcoma if differentiation is not possible by using other methods (MRI).
Methods
Data for patients who consecutively underwent GKS for intracranial chordoma or chondrosarcoma at our institution (Yonsei Gamma Knife Center, Yonsei University College of Medicine) from October 2000 through June 2007 were retrospectively reviewed. Patients were included in the study if they had received a pathologically confirmed diagnosis of chordoma or chondrosarcoma based on previous resection or biopsy and if more than 5 years of post-GKS follow-up data were available. Patients were excluded from the study if they had undergone conventional fractionated radiotherapy before or just after GKS. GKS was performed by using a model B, C, or Perfexion Leksell Gamma Knife (Elekta AB). For each group of patients, clinical and radiological data and treatment outcomes were investigated. For all patients, follow-up clinical and neurological examinations were performed 1 month after GKS and every 6 or 12 months thereafter. A follow-up imaging study was usually conducted 6 and 12 months after GKS and annually thereafter. For patients with clinical symptoms or radiological evidence of progression, more frequent follow-up was conducted. Tumor volume measurements were performed by using axial T1-weighted Gd-enhanced MRI, and Leksell GammaPlan software version 10.0.0 (Elekta AB). The tumor response to GKS was assessed according to the Macdonald criteria 29 as follows: complete response was defined as complete disappearance of the lesion, partial response was defined as more than 50% decrease in tumor volume on follow-up images, progressive disease was defined as more than a 25% increase in tumor volume or the appearance of new lesions on follow-up images, and stable disease was defined as less than 50% reduction in volume or less than 25% increase in volume.
The rates of progression-free survival and overall survival for chordoma and chondrosarcoma patients were calculated by using the Kaplan-Meier method and compared by using log-rank statistics. The rate of tumor volume change was calculated at 6 months and 2 years after GKS. The Mann-Whitney U-test was used to determine whether the mean rates of volume change differed between patients in the chordoma and chondrosarcoma groups. All statistical analyses were performed by using standard statistical processing software (SPSS version 20.0; SPSS Inc.). A probability value of less than 0.05 was defined as statistically significant.
This study was approved by the institutional review board of the local hospital and conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all patients.
Results
Patient demographics, radiosurgical treatment parameters, and tumor outcomes are summarized in Tables  1, 2 , and 3. A total of 10 patients who underwent 15 sessions of GKS were included in this study: 5 patients (8 sessions) with chordoma and 5 patients (7 sessions) with chondrosarcoma ( Table 1 ). For patients in the chordoma and chondrosarcoma groups, mean ages were 49.40 and 51.00 years, respectively, and mean follow-up periods were 53.29 and 83.71 months, respectively.
Three patients in the chordoma group and all patients in the chondrosarcoma group had undergone 1 or more tumor resections by craniotomy before GKS. Two patients in the chordoma group had undergone tumor resection by the transsphenoidal approach. No patient had previously received chemotherapy. The most common presenting symptom was persistent headache (3 patients). One patient had short stature because of suprasellar chordoma. The mean target volume at GKS was 10.67 cm 3 for chordoma and 14.54 cm 3 for chondrosarcoma. The mean prescription dose applied to the tumor margin was 20.06 Gy for chordoma and 14.50 Gy for chondrosarcoma, and the mean maximal dose was 40.13 Gy for chordoma and 29.00 Gy for chondrosarcoma (Table 3) . No significant differences in patient demographics and radiosurgical treatment parameters were found between the 2 groups.
Tumor Control
According to the latest follow-up information available, among patients with chordoma, 2 (40%) were alive and 3 (60%) had died (1 because of treated tumor progression, 1 because of tumor progression and multiple tumor metastases, and 1 because of sepsis resulting from compression of the brainstem by the tumor). Among patients with chondrosarcoma, 3 (60%) were alive and 2 (40%) had died (1 because of treated tumor progression and the other because of unrelated disease without evidence of tumor progression). The 2-and 5-year progression-free survival rates were 70% and 35%, respectively, for the chordoma patients and 100% and 80%, respectively, for the chondrosarcoma patients (p = 0.04, log-rank test, Fig.  1 ). The 2-and 5-year overall survival rates after GKS were 87.5% and 72.9%, respectively, for the chordoma patients and 100% and 100%, respectively, for the chondrosarcoma patients (p = 0.03, log-rank test, Fig. 2 ).
Analysis of the 5 tumors that progressed (4 lesions in chordoma patients and 1 lesion in a chondrosarcoma patient) revealed that all 5 tumors progressed adjacent to the prescribed tumor volume; there were no distant tumor progressions or metastases. Among these 4 chordoma patients, tumor progression was noted in patients who received 14, 14, 15, and 15 Gy as the dose to the margin of the tumor, whereas in the patient with progressive chondrosarcoma, the dose was 13 Gy (Fig. 3) . Accordingly, there was no tumor progression in patients in the chondrosarcoma and chordoma groups when margin doses were higher than 14 and 16 Gy, respectively.
The mean rate of volume change after 6 months was 57.50% for chordoma patients and 33.05% for chondrosarcoma patients (p = 0.46), and the corresponding 2-year rates were 79.64% and 39.91%, respectively (p = 0.05; Fig.  4 ).
Complications
Radiation-related complications occurred in 1 (10%) patient, who experienced a transient complication after * CD = chordoma; CO = craniotomy; CS = chondrosarcoma; TSA = transsphenoidal approach. GKS. This patient, a 75-year-old man, had undergone GKS for an 18-cm 3 chordoma located primarily in the clivus (Fig. 5) . In his case the lesion was prescribed 35 Gy to the 50% isodose line. Twenty months after GKS, he experienced persistent diplopia and gait disturbance as a result of radiation necrosis. The symptoms resolved completely after a 2-week course of corticosteroids, and at the latest follow-up examination, he was asymptomatic with stable tumor size.
Illustrative Cases
Case 1. A 70-year-old man was examined for persistent headache. A petroclival tumor was noted and partially removed by craniotomy. The pathological diagnosis was chordoma. The tumor margin received a GKS dose of 14 Gy, but most of the tumor volume received 16 Gy; the medial portion of the tumor received a lower dose to spare the brainstem. The tumor enlarged 20 months after GKS; enlargement was especially observed in the medial part of the tumor, where the dose was reduced (Tables 1  and 2 ; Fig. 6 ).
Case 6.
A 48-year-old woman was examined for right third cranial nerve palsy. A middle fossa tumor was noted and subtotally removed by craniotomy. The specimen was pathologically diagnosed as chondrosarcoma. Postoperatively, she underwent GKS. The whole volume of the residual tumor was covered by a dose of 14 Gy to the margin of the tumor. The tumor had been controlled for 146 months as of the latest follow-up imaging (Tables 1  and 2 ; Fig. 7 ).
Discussion
Chordomas and chondrosarcomas are slow-growing, The clinical presentations and radiological features of chordomas and chondrosarcomas are reported to be similar, but their clinical behavior, response to treatment, and outcomes differ. 2, 25, 30 Chordomas are most commonly diagnosed during the patient's 2nd or 3rd decade of life, 17 and 25%-40% occur in the sphenooccipital or skull base region, most commonly the clivus. 17 Chondrosarcomas grow slowly and rarely metastasize 11, 17 and, similar to chordomas, are most commonly found in the sphenoid bone or clivus, at the base of the skull. However, the natural history of untreated clival chordomas is dismal, whereas chondrosarcomas usually do not metastasize until a very late stage.
8,11,17
The therapeutic options for these tumors include resection, fractionated radiotherapy, GKS, and proton beam radiotherapy. 10, 13, 14 Initial management is most commonly resection of these tumors; ,3,5,13,16,24,31 however, because of their proximity to, or involvement with, critical structures, such as the critical vessels, cranial nerves, and brainstem, complete resection without significant complications is rarely feasible. 1, 11, 16, 21, 27, 28 Thus, GKS represents a valuable management option for patients with recurrent or residual chordoma or chondrosarcoma whose lesions failed to respond to initial resection and adjuvant radiation therapy. In the past, intracranial chordomas and chondrosarcomas have erroneously been grouped together and managed in the same way because of their many similarities. Moreover, because of the rarity of these malignancies, most clinical series published on the results of radiosurgery for these tumors have included a combination of chordoma and chondrosarcoma cases, despite their different histological origins. However, the results of the current series demonstrate a clear distinction in the radiosurgical outcomes and biological behavior of chordomas and chondrosarcomas.
Rates of Progression-Free and Overall Survival After GKS
Several reports of the comparative outcomes after GKS for these tumors have been published. Krishnan et al. reported that among 25 patients with chordoma and 4 patients with chondrosarcoma who underwent GKS, tumor progression was occurred in 7 (28%) patients with chordoma, whereas tumor control was achieved in all 4 (100%) patients with chondrosarcoma. 20 Martin et al. reported on their radiosurgical experience in treating 18 patients with chordoma and 10 patients with chondrosarcoma. 22 They noted that the actuarial 5-year rates (± SD) of local tumor control for chordomas and chondrosarco- mas were 62.9% ± 10.4% and 80% ± 10.1%, respectively. Moreover, Hasegawa et al. reported on 37 patients who underwent GKS:
12 30 with chordoma and 7 with chondrosarcoma. They showed that the actuarial 5-and 10-year progression-free survival rates among patients with histologically confirmed chordoma were 42% and 32%, respectively, whereas the 5-year progression-free survival rate among patients with chondrosarcoma was 80%. Hence, local tumor control rate and prognosis seem to be generally better for patients with chondrosarcoma than for those with chordoma, and these results are similar to our findings. In our study, the 5-year progression-free survival rates after GKS for chordoma and chondrosarcoma were 35% and 80%, respectively. Furthermore, our results revealed significantly better 5-year progression-free survival rates among patients with chondrosarcoma. Combining these findings with those of the aforementioned studies, it seems that the clinical outcome after GKS for chordoma is poorer than that after GKS for chondrosarcoma; this finding is similar to the overall clinical outcomes for these tumors.
Volume Changes After GKS
GKS is traditionally evaluated by measuring patient survival times and local tumor control. To our knowledge, changes over time in tumor volume after GKS have not been previously reported for patients with chordoma and chondrosarcoma. Our study showed that 2 years after GKS, chordoma volume decreased significantly more than chondrosarcoma volume, indicating significant differences in the radiosurgical responses of these lesions.
Different tumors respond differently to radiosurgery, 26 and differences in the volume change after GKS can be attributed to the tumor histology. 6, 18 Considering that chordomas are associated with substantially worse clinical outcomes than chondrosarcomas, it is possible that chordomas also have more aggressive malignant radiosurgical responses than chondrosarcoma in terms of the changes in tumor volume. The results of this study suggest that volume changes after GKS seem to be one of the differences between these 2 tumors.
Optimal Radiation Dose
When determining the appropriate radiation dose, both tumor control and prevention of radiation-induced complications are usually considered. However, for cases of chordoma and chondrosarcoma, little is known about the optimal radiation dose. Local failures constitute the main cause for treatment failure of intracranial chordoma and chondrosarcoma, 9, 23 and several studies have demonstrated the value of achieving local control. One report regarding the radiosurgical results for 25 patients with chordoma and 4 patients with chondrosarcoma suggested that there were 2 types of treatment failure: in-field failure, in which the failure occurred within the prescription isodose volume, and out-of-field failure, in which the failure occurred outside the prescription isodose volume.
20
The authors moreover analyzed the association between the patterns of failure and tumor doses and found that there were no in-field failures when the tumor margin dose was greater than 15 Gy. Iyer et al. described a series of 22 patients who underwent stereotactic radiosurgery for cranial base chondrosarcoma.
15 Of these patients, 2 experienced progression adjacent to the prescribed tumor volume and 1 experienced distant tumor progression. Together, the results of these previous studies all emphasize the effects of in-field failure, which is presumably associated with an inadequate radiation dose.
For controlling tumor growth within the planned treatment volume, it seems that a higher margin dose is crucial. Koga et al. reported on 16 lesions in 14 patients treated for skull base chordoma and chondrosarcoma; treatments with margin doses higher and lower than 15 Gy were defined as high-dose and low-dose treatments, respectively. 19 The 5-year progression-free survival rates for patients who underwent GKS with high and low margin doses were 80% and 14%, respectively (p = 0.005). Another report by Hasegawa et al. studied the factors associated with local tumor control among 46 lesions in patients with skull base chordomas or chondrosarcomas.
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In-field tumor progression developed in 10 (22%) lesions in 9 patients, and the authors concluded that dose planning with a generous treatment volume to avoid failure at the tumor margin should be made at a margin dose of at least 15 Gy to achieve long-term control. Similarly, most authors have recommended that a margin dose of at least 15 Gy should be used to achieve local control of these types of tumors, without differentiating between tumors according to their biological behavior.
As mentioned earlier, because radiosurgical responses of chordoma and chondrosarcoma differ, doses should differ. However, the currently recommended radiation dose for these tumors is 15 Gy regardless of tumor type. On the basis of the individual patient data in our study, we found no tumor progression when margin doses greater than 16 Gy for chordoma and 14 Gy for chondrosarcoma were used. Thus, we believe that good local control can be achieved with the use of relatively low radiation doses for treatment of chondrosarcoma. Although the number of patients in our study was relatively low, on the basis of our results we conclude that radiosurgery, with a margin dose of more than 16 Gy for chordoma and more than 14 Gy for chondrosarcoma, might result in enhanced local tumor control with relatively few complications.
We have suggested a process for determining the optimal radiation dose for patients with intracranial chordoma or chondrosarcoma (Fig. 8) . Most tumors require resection and pathological confirmation. However, the patient's condition might not allow for surgical treatment, such as craniotomy or biopsy under general anesthesia. If surgical treatment is not feasible, we try to distinguish these tumors radiologically. If radiological differentiation is also not possible, we recommend regarding the tumor as a chordoma and treating it accordingly to achieve better tumor control. We also believe that adjusting the GKS radiation dose for each individual tumor will help achieve better outcomes with a relatively low rate of radiationassociated complications.
Conclusions
Although surgical resection is currently the gold standard for treating intracranial chordomas and chondrosarcomas, GKS also plays a role in the treatment of these malignancies, especially for remnant or recurrent tumors. In this study, GKS showed acceptable rates of tumor control with relatively low rates of complications. However, the radiosurgical response differed among the tumors according to the biological behavior of each tumor. A higher margin dose was required to achieve control of chordomas, whereas relatively low doses were sufficient to achieve both tumor control and cranial nerve preservation for chondrosarcomas. The small number of cases in this study limits its interpretation; further followup studies and accumulation of cases are hence required to determine the optimal dose of GKS for patients with intracranial chordoma or chondrosarcoma.
